In this paper, we demonstrate an alternative approach to fabricating an electrically tunable holographic polymer templated blue phase liquid crystal grating. This grating is obtained by preforming a polymer template comprised of periodic fringes, and then refilling it with a blue phase liquid crystal. Compared with conventional holographic polymer dispersed liquid crystal gratings, our grating can remarkably reduce its switching voltage from 200 V to 43 V while maintaining a sub-millisecond response time. The holographic polymer templated blue phase liquid crystal (HPTBPLC) grating is free from electrode patterning, thus leading to a lower cost and more flexible applications.
Introduction
Holographic polymer dispersed liquid crystals (HPDLCs) have been extensively studied due to the high diffraction efficiency, fast response times, and easy fabrication. [1] [2] [3] [4] [5] They have potential applications in optical gratings, electrooptically addressable volume data storage, diffractive optical elements, [6] [7] [8] etc. Electrically switched distributedfeedback (DFB) lasing action was introduced with an HPDLC grating. [9, 10] However, the switching electrical field of HPDLC is usually of the order of tens of volts per micrometer, which greatly hinders the practical applications of an HPDLC grating. This is primarily due to the large elastic deformation energy and the strong anchoring force associated with small liquid crystal droplet sizes. [11] [12] [13] For this reason, many researchers were dedicated to reducing the switching voltages of HPDLC devices. [11] [12] [13] [14] Jang and Kim reported that the HPDLC is fabricated with the chemically incorporated graphene oxide, and the switching voltage is reduced from 70 V to 25 V; however, its decay time increases from 3.2 ms to 4.8 ms. [11] Sarkar et al. reported that the switching field decreases from 9 V/µm to 2.5 V/µm, by using partially fluorinated monomers, but the decay time increases from 1.6 ms to 18 ms. [12] Klosterman et al. reported that the switching field decreases from 12.5 V/µm to 5 V/µm, by adding the surfactant, but the decay time is longer. [14] In their work, the switching voltage was reduced, however, the decay time was longer.
Recently, the blue phase liquid crystal (BPLC) gratings based on patterned electrodes [15] [16] [17] and periodic polymer slices [18] have attracted substantial attention, because they exhibit high diffraction efficiency, fast response, etc. However, for BPLC gratings based on patterned electrodes, it is difficult to obtain high resolution because of the fringing electric field effect. [18] For BPLC gratings based on periodic polymer slices, the fabrication is relatively complicated.
In this paper, we demonstrate a holographic polymer templated blue phase liquid crystal (HPTBPLC) grating, which is obtained by replacing the nematic liquid crystal droplets with a BPLC composite in a conventional HPDLC grating. This HPTBPLC has a significantly reduced switching voltage (43 V) compared with the HPDLC grating (200 V), and the response time remains fast (< 1 ms). The fabrication of an HPTBPLC grating is free from electrode patterning, thus it could easily achieve high resolution and large diffraction angle at low cost.
Experiments
The fabrication process of making an HPTBPLC transmission grating is depicted in Fig. 1 , where four stages are involved.
As shown in Fig. 1(a As shown in Fig. 1(b) , at Stage 2, the liquid crystal cell is first subjected to a holographic exposure to form an HPDLC grating. Two beams intersect inside the cell and produce an intensity distribution of the interference fringes. Two beams are derived from a diode solid-state laser (488 nm, 100 mW, Coherent) and set to be p-polarization. The intensity distribution at the cell can be expressed as I(x) = I 0 [1 +V cos( · )], where I 0 = 10.0 mW/cm 2 is the total exposure intensity, V is a constant of fringe visibility and usually V = 0.90-0.95, [19] is the grating vector with an amplitude K = 2π/Λ , and Λ is the grating period. The beam diameter D is 2.0 mm. A polymerization preferentially occurs in bright regions, creating a monomer concentration gradient between bright and dark regions, which causes the diffusions of monomers and liquid crystal molecules and then polymer-rich or polymer-poor regions appear. [19] An He-Ne laser (λ = 632.8 nm) beam, which is also set to be p-polarization with an incident angle being normal to the cell, is employed as the probe beam. The holographic grating is recorded for 20 s at an incident angle of 1.2 • for each beam. Then, the cell is exposed to ultraviolet (UV) light to stabilize the HPDLC grating for 5 min. As shown in Fig. 1(c) , at Stage 3, the polymer template is formed. The cell is immersed in acetone for 24 h. This could remove the liquid crystal droplets and non-polymerized residuals by diffusion. [20] When the cell is moved out of acetone, any acetone remaining in the cell evaporates quickly at room temperature. The remaining polymer template consists of the alternating polymer-rich and polymer-poor regions, which are denoted as regions I and II, respectively. After the polymerization, a polymer-free gap is formed on the top of the polymer template due to shrinking, which is denoted as region III. The scanning electron microscopy (SEM) images of the polymer template are shown in Figs As shown in Fig. 1(d) , at Stage 4, a BPLC fills the cell. The polymer template can undergo the reversible shrinking and swelling. [21] [22] [23] [24] Because the polymer network is porous, a liquid crystal could be refilled into those voids, and region III could disappear due to re-swelling. The BPLC used is a mixture composed of the same nematic liquid crystal (96.5% BP-06, Jiangsu Hecheng Co.) for the HPDLC grating and the chiral dopant (3.5%, R5011, Jiangsu Hecheng Co.). Then the BPLC first fills the cell via capillary action at 80 • C, and then cooled down at a rate of 0.1 • C/min. The BPLC could form in polymer-poor region due to the relatively large pore sizes. [25] The temperature range for the BPLC in the HPTBPLC is from 69 • C to 72 • C. The morphology of the HPTBPLC grating is shown in Fig. 3 , where the self-assembled BPLC shows a characteristic platelet texture based on the polymer template when it is observed in the reflective mode of an optical polarizing microscope. The different colors originate from different orientations of cubic lattices. [26] [27] [28] [29] [30] [31] 
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Results and discussion
Diffraction efficiencies versus applied voltages of HPDLC and HPTBPLC gratings are plotted in Fig. 4 . The diffraction efficiency η is calculated as a ratio of the diffracted power of the first order to the total output power. For the HPDLC grating at Stage 2, η = 15% when the voltage is 0 V, the threshold voltage is 40 V and the switching voltage is 200 V at room temperature. For the HPTBPLC grating at Stage 4, no threshold voltage is observed, η = 14.7% when the voltage is 0 V and η ≈ 0% at 43 V at 70.5 • C. The relatively low diffraction efficiency for the HPTBPLC comes from the small refractive index contrast. The refractive index of the polymer matrix is 1.527, and n iso = 1.56 for BP-06. If n iso could be increased to 1.59, the maximum phase delay can reach π, and the first-order diffraction efficiency is 33%. Moreover, if the grating period is reduced or the cell thickness is increased, the HPTBPLC grating could become a volume grating possibly with a higher diffraction efficiency. [32] [33] [34] [35] The response times are also measured for the HPTBPLC and HPDLC gratings, and shown in Fig. 5 . The cell is driven by a square-wave voltage with 1-kHz frequency. The dashed curve shows the first order transmittance of the HPDLC grating when it is switched between 0 V and 200 V. The solid curve shows the first order transmittance of the HPTBPLC grating switched between 0 V and 43 V. The rise and decay time are defined as 10% to 90% and 90% to 10% of the transmittance change, respectively. As shown in Fig. 5 , the rise and decay time measured at room temperature are 341 µs and 424 µs for the HPDLC grating, respectively. While for the HPTB-PLC grating, the rise and decay time measured at 70.5 • C are 610 µs and 890 µs, respectively.
The response times of both HPTBPLC and HPDLC are of the order of submillisecond but governed by different mechanisms. For HPDLC, typical response time varies from 25 µs to 1000 µs, depending on liquid crystal droplet size, elastic force strength, etc. [36, 37] The HPTBPLC grating can maintain the fast response time because the BPLC can exhibit a fast response time. [26, 27, 31, [39] [40] [41] Based on the Gerber model, [38] the decay time in a BPLC system can be expressed as
where γ 1 denotes the rotational viscosity of a BPLC, k is the elastic constant, and P DTC is the pitch length for a BPLC. From Eq. (1), the decay time is proportional to the square of the double twist cylinder pitch P DTC , which is determined by the concentration of chiral dopant. [39, 40] Usually, if the concentration of chiral dopant is appropriate, a BPLC can exhibit a submillisecond graylevel (< 1 ms). In this work, with a 3.5%-concentration of chiral dopant R5011, the HPTBPLC has exhibited a slightly slower response than the HPDLC. The response time of the HPTBPLC could be further improved by increasing chiral dopant concentration (decreasing P DTC ), but the tradeoff is the increased voltage. [39] The reduced switching voltage for the HPTBPLC is attributed to the weakened anchoring force and zero threshold voltage. First, the anchoring force is weakened in the HPTB-PLC grating compared with that in the HPDLC grating. To verify the anchoring force change, another experiment is carried out by refilling the same liquid crystal at Stage 4 but without chiral dopant. The switching voltage is reduced from 201 V to 46 V, and the decay time is increased from 450 µs to several minutes due to the weakened anchoring force in polymer-poor regions after the wash-out process. [42] Second, there is no threshold voltage for the HPTBPLC. The HPTB-PLC grating can be driven even with a very low operation voltage; however, for the HPDLC grating, the threshold voltage is 40 V as shown in Fig. 4 . Moreover, the driving voltage for the BPLC without polymer stabilization is relatively low. [41, 43] Therefore, the driving voltage for the HPTBPLC is reduced significantly.
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The on-state transmittance of the HPTBPLC grating keeps increasing. The electro-optic response of a BPLC without polymer stabilization is fast with local director reorientation, but quite slow in the electrostriction region, at approximately dozens of milliseconds. [39] As a result, it takes a little longer time for some liquid crystals to restore to their original arrangement after the applied voltage has been removed. The transmittance fluctuation at off-state of HPTBPLC results from a poor dark state, because the electric field can affect the blue phase structure and stability. [44] As the electric field increases, it is possible for a BPLC that the local director reorientation, electrostriction, and field-induced phase transition are distinguished. [39, 41, 44] The simulation work is performed to fit the experimental data. The BPLC consists of countless double-twist selfassembled liquid crystal cylinders stacked in three dimensions, forming a cubic symmetry. This structural symmetry induces the optical isotropy of a BPLC when the voltage is 0 V. The first-order diffraction efficiency can be expressed as [32] 
where J 2 1 is the first-order Bessel function of the first kind, d is the thickness of the grating, and n I and n II are the average refractive indices of the polymer-poor and polymer-rich regions, respectively, n I and n II are determined by the Lorentz-Lorenz relation: [45] 
where n p is the refractive index of the polymer network, n lc is the refractive index for the liquid crystal with an applied field, and the electric field is set to be perpendicular to the cell. Based on our previous work, [46] the average volume fractions of the polymer network in polymer-rich and polymer-poor regions can be estimated to be φ PI = 91% and φ PII = 66%, respectively. The liquid crystal's volume fraction in the polymer-rich region, φ LCI , equals 1 − φ PI , and that in the polymer-poor region, φ LCII , equals 1 − φ PII . According to the experimental results (i.e., squares), when the applied voltage is 0 V, the diffraction efficiency is around 14.7%, arising from the refractive index contrast between polymer-rich and polymer-poor areas, and we obtain n I = 1.530 and n II = 1.538 from Eqs. (2) and (3) . When the applied voltage increases, n II decreases due to the decreased n lc of the BPLC in polymerpoor regions. When the voltage reaches 43 V, n II matches n I , and the diffraction efficiency drops to zero.
Conclusions
In this paper, we demonstrate a holographic polymer templated blue phase liquid crystal grating. This device exhibits a significant improvement in lowering the switching voltage from 200 V to 43 V, while maintaining a sub-millisecond response time relative to an HPDLC grating. This promising approach could bring potential applications in optical switch, optical storage, electrically switchable lasers, etc.
